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ATRFOILS AND ON BODIES OF REVOLUTION WITH AND
WITHOUT FINS HAVING TURBULENT
BOUNDARY LAYERSL

By Eugene S. Love
SUMMARY

An enalysis has been made of avallable experimental datae to show the
effects of most of the variables that are more predominant in determining
base pressure at supersonic speeds. The analysis covers base pressures
for two-dimensionsl airfoils and for bodies of revolution with and with-
out stabilizing fins and is restricted to turbulent boundsry layers. The
present status of avallable experimental informetion is suwmarized as are
the existing methods for predicting base pressure.

A simple semiempirical method is presented for estimating base pres-
sure. For two-dimensional bases, this method stems from an analogy
established between the base-pressure phenomene and the peak pressure
rise assoclated with the separation of the boundary layer. An analysis
made for axiaelly symmetric flow indicates that the base pressure for
bodies of revolution is subject to the same anslogy. Based upon the
methods presented, estimations are made of such effects as Mach number,
angle of attack, boatteiling, fineness ratlo, and fins. These estima-
tions give falr predictions of experimental results.

INTRODUCTION

The problem of predlcting the base pressure at supersonic speeds has
received conslderable attention in recent years and several methods have
been advanced recently (refs. 1 to 5), some of which give much more satis-
factory results then the older methods (refs. 6 to 8). The work of Crocco
and Lees (ref. 1) gives satisfactory qualitative predictions throughout
the Reynolds number range and may ultimately give satisfactory quantita-
tive values if the problem of predicting the Reynolds number of transition

lSupersedes declassified NACA Research Memorandum I53C02 by Eugene S.
Love, 1953,
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in boundary layers and free wakes is sufficiently overcome and if some
reliable basic end value of the base pressure can be used as a starting
point in the calculations. The semiemplricel method of Chapman (ref. 2)
has proved satisfactory for the prediction of the base pressure on boat-
tail bodies and airfoils when the boundary layer is turbulent. This
method (ref. 2) utilizes experimental data on profiles without boat-
talling. Edgar Cortright and Albert Schroeder of the Lewis Flight
Propulsion Leboratory have proposed a method for estimating the base
pressure on a boattall body having a turbulent boundary layer that uti-
lizes any dats which provide the -separation angle at the base as a
function of Mach number ahead of the base. Existing comparisons between
this method and that of reference 2 appear to indicate that both methods
give, in general, reasonable agreement with experimental measurements of
boattall effects for bodles of revolution and for two-dimensionasl air-
foils. The method of Cope (ref. 4) does not appear to give as satisfac-
tory a prediction as that of Chapmen and, as Cope has pointed out, the
approximations and assumptions involved result in a first spproximation
only. Little is known by the present author of the recent method of
Gabeaud beyond the informetion given in reference 3; therefore, the limits
of its applicabllity are unknown. Gabeaud does appear to confine his com-
parisons to experimental data from bodies of revolutlon with fins but,
since the equation as given in reference 3 includes no terms to cover fin
effects, the value of the method remains in question. The method of
Kurzweg (ref. 5) appears inadequate since it gives identical results for
both airfoils and bodies of revolution.

To date, considerable experimental work hag been devoted to investi-
gatlions of base pressure at supersonic speeds. The reported investiga-
tions are too numerous to make reference to all herein, but references 9
to 29, in addition to certain of those previously mentioned, are examples
of work that has been done to determine the effects of various variables
upon base pressure. References 2, 15, 16, and 23 report investigations
in which the effects of support interference upon base pressure have been
studied. References 2 and 15 include investigations of the effects of
disturbences entering the wake (ref. 2 with sting support and ref. 15
without sting support). A number of the references show the variastion of
base pressure with Reynolds number at a constant Mach number. (See
refs. 2, 5, 9, 14, 15, 23, 27, and 28, for example.) These and other
references show the effects for bodies of revolution of such influencing
variables as the presence of fins, location of fins, jet flow, nose and
base shapes, and boattall angle. Reference 10 and parts of references 25
and 29 are examples of studies devoted to essentially two-dimensional
base pressures. With this accumuletion of experimentael date and the com-
pillations of data now in existence, particularly those contributed by
Dean R. Chapman, ready assessment may be made of the effects of most of
the primary influencing variables as well as an evaluation of any method
advanced to predict these effects. However, as will be shown, there i1s
stlll a need for experimental information on the effects of certain vari-
ables, particularly those assoclated with fin effects on bodies of
revolution. :
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. In the present investigation, only bodies end wings having turbulent
boundaery layers ahead of their bases are considered. This restriction to
turbulent boundary layers is not severe for practical epplication since,
at Reynolds numbers for full-scale alrcraft or missiles, the likelihood
of realizing laminasr flow over the entire body or wing is remote, particu-
larly so for the body; in addition, the presence of stabilizing fins causes
transition even at low Reynolds numbers, (See ref. 15.) The advantage of
this restriction is that it permits effects of Reynolds number to be
ignored. References 2, 10, 12, and 27, for example, have shown that, once
a fully turbulent boundary leyer exlists ahead of the base, the variation
in base pressure with increasing Reynolds number is small.

The purpose of this investigatlon is to make a summary analysis of
avallable experimental data, including some results obtalned recently in
the Langley 9-inch supersonic tunnel, to show the effects of most of the
variables that are more predominant in influencing base pressure and to
advance, where possible, simple semiempirical methods for the prediction
of these effects. These methods, while they may not be significantly
advantageous over or much different from methods now in existence, are
believed to show a more direct relation between wake and body geometry.
Furthermore, & viscous analogy is established between the trailing shock
and the peak pressure rise assoclated with the sepasration of the boundary
layer., The first part of this paper deals with two-dimensional base
pressures. The second part deals with the base pressure on bodies of
revolution with and wilthout fins.

SYMBOLS
a angle of attack
Moo free-stream Mach number
M, Mach number ahead of base
Po statlc pressure ahead of base
Qs dynamic pressure ahead of base
My Mach number ahéad of trailing shock
Py static pressure shead of treiling shock
ar dynamic pressure shead of trailing shock

Mo Mach number behind trailing shock
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statlc pressure behind tralling shock

peak-pressure-rise coefficient assoclated with the separation
Py - P
2 1

of the boundary layer, "
1

the critical turning angle corresponding to P, for two-
dimensionel flow

pressure coefficient,

base pressure coefficient,

base pressure
local pressure
free-stream static pressure

free-stream dynamic pressure

boattall angle

angle between free-stream direction and the edge of the con-
verging wake in axially symmetric flow

effective two-dimensional expansion angle at base of bodies
of revolution

maximum body diameter
base diameter

fin thickness

fin chord

wake thickness Just behind trailling shock

distance from trailling edge of fin to base of body (positive
when trailing edge is ahead of base) measured parallel to
body center line C
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N distance between base of body and approximste location of base
of trailing shock, measured parallel to body center line

L body length

R Reynolds number

Yy distance from body center line measured normsl to body

center line

¢ radiel angle or angle between meridian of fin and any other
meridian

TWO~-DIMENSIONAL. BASE PRESSURE

Analogy to pesk pressure rise associlated with separation of bound-
ary layer.- The compilation of data reported in reference 30 has estab-

lished the magnitude of the pesak-pressure-rise coefficient associated
with the separation of the boundary layer on a flat plate caused by a
forward-faclng step. In that investigation, the Prandtl pressure-rise
coefficient (see ref. 31) is presented in terms of the ratio of the
difference between the statlic pressures behind and shead of the shock
to the dynamic pressure ghead of the shock. The dsta compiled in ref-
erence 30 and results obtained in the Langley 9~inch supersonic tumnnel
(9" 8ST) and in a blowdown tunnel (BT) of the Langley 9-inch supersonic
tunnel section are shown in figure 1. Of the indicated variations of
P, with R, the greatest variation appesrs to be proportionsl to

R-1/12 gt most, which is considersbly less than the variation propor-

tional to R 1/5 proposed in reference 30. The least variastion 1s
essentially zero. Examination of these data and their sources indicated
that, within the accuracy of the test procedures employed, the pressure-
rise coefficlent experiences almost no variastion with Reynolds number
when the boundasry layer is turbulent provided the step height (fig. 2(a))
1s at least several times the boundary-layer thickness®. For the pur-
poses of the present investigation, this variation is assumed to be
negligible since it is of the same order as the variation of base pres-
sure wlth Reynolds number when the boundary layer is turbulent.

Figure 2(a) gives a sketch of the separation phenomens on a flat
plate. Since the supported boundary layer (boundary layer adjacent to a
surface) will, when separated, withstand only a certain value of P,

2Since the original publication of this paper, additional experi-
mental evidence confirming this indication has been obtained. See NACA
Technical Note 360l by Eugene S. Love, 1955.
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there seems little reason to believe that an unsupported boundary layer
(free wake) would withstand a vealue of P, that 1s much different.

This pressure rise associated with separation may be expressed in terms
that are more analogous to the physical characteristics of the flow
behind e two-dlmensional base - that is, the angle through which the
external flow is turned has & critical value & for a given value of

M; that will not be exceeded. Comparison of figures 2(a) and 2(b) shows

the analogy between the separation phenomens and the fiow behind the base.
On the basis of this analogy, the experimental values of P, as a func-

tion of M; may be used to obtain the static pressure ratio pz/pl

acrogs the shock and, thereby, the value of % may be calculated. Once
& 1is known, M, 1is determined, and the variation of the base pressure
coefficient Pp with M, mey be computed from the variation of M;

with Mo' Figure 3 presents the varlation of P, averaged over the
Reynolds number range for the particular value of M;. The vaelues of

M; were selected on the basis of the examination of the date described
in the previous paragraph. With the exclusion of the point at M; = 3.03,
all data were flat-plate data. The data for M; = 3.05 were obtained by

sliding two circular collars along a tube having a radius of 1.47 inches.
The ratio of the radlus of the collar to the radius of the tube was
approximately 1.2 for the larger collar and 1.1 for the smaller collar.
Values of P, were determined by measuring the inclination of the shock
at some distance from the tube surface. Accordingly a correction was
epplied to the point at M; = 3.03 as indicated in figure 3. This

correction was obtained by measuring the angle of flow deflection along
the boundary of the separated region close to the beginning of separation5.

The calculated variation of & with M,, based upon the curve
through the experimentsl values of P, and the extrapolation beyond

M; = 3.03, 1s shown by the lower curve in figure 4. The corresponding

base pressures are shown by the solid line iIn figure 5. Also shown in
figure 5 are the curves of gbsolute limiting base pressure (vacuum),
inviseid limiting base pressure (meximum-deflection trailing shock), and
the previous experimental-date compllations. The predicted magnitude

and variation of base pressure with Mach number calculated from the peak-
pressure-~rise coefficient are seen to be in fair sgreement wlth the experi-
mental results. The fact that the predicted base pressure is slightly
higher than experiment may be attributed to the lack of exact simllarity
between the interaction, mixing, and vorticity associated with separation
caused by a forward-facing step and those assoclated with the base

JThe data at M; = 3.03 in reference 30 have since been shown by

Lange in NACA Technical Note 3065 to be incorrect. The correction applied
herein is of the proper order of megnitude.
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phenomena and the free wake. An increment of 0.06 added to P, as shown
by the upper curve in figure 3 gives the upper curve of & plotted against
My in figure 4 and the slightly lower base pressures shown in figure 54.

Available results for the peek-pressure-rise coefficient across the
tralling shock behind a rearward-facing step have also been examined.
Predicted values of Pp calculated from pressure-rise coefficients thus

obtained tended to be higher than experiment at the lower Mach numbers
and lower than experiment at the higher Mach numbers. The results from
the forward-facing steps appear, therefore, more reliable for predicting
base pressure than the resulits from the rearward-facing step with
varying slope of the afterbody surface. This conditlion would seem to
indicate that the establishment of the position of the shock is more
ensglogous to the conditions of the trailllng shock common to base
phenomena when the turning of the flow is created by a separated region
rather than by a solld surface.

Effects of boattelling.- On the basis of the results shown in fig-
ure 5, the variation of & with M, g&iven in figure 4k may be used to

calculate the effects of boattailing on two-dimensional airfoils where
B < 8. Silnce 3 is measured with respect to free-stream direction and
defines the limiting turning engle of the flow through the trailing
shock, the value of boattall angle B 1is subtracted from the value of
5 +that corresponds to the Mach number immediately ahead.of the base to
obtain the value of & to0 be used in computing the base pressure.
(This procedure is the same as one used by Edgar Cortright and Albert
Schroeder at the Lewils Flight Propulsion Laboratory.)

When B exceeds 8, the base phenomens are complicated by the fact
thaet the expension which existed at the corner of the base is replaced by
a compression, or shock. The base phenomena thus include two shocks
whose strengths are interrelated. For a given configurgtion the shock at
the corner of the base may be related to the necessary conditions of the
trailing shock (based upon P, a8 before) through the ususl two-

dimensional shock relations. So long ss the pressure rise across the
shock from the corner of the base does not reach P,, thls shock is

assumed to remain at the corner. However, when B Tbecomes sufficiently

large, Pr wlll have been exceeded and the shock at the cormer is

assumed to have moved forward onto the boattell or body surface until a
point of equilibrium is reached for which the pressure rise is equal to
P,.. For boattails formed by flat surfaces and having an abrupt beginning,

such as a shoulder, the shock at the corner will move rapidly, if not

%A more refined curve showing the variation of & with M, has

since been obtained in NACA Technical Note 3601 &nd is recommended in
preference to that given in figure L4 for values of Mo gva.h.
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immedistely, from the corner to the shoulder when P, for this shock is

exceeded. Consequently, at very large B this shock would disappear for
such boattail shapes since at B = 90 all conditions are, within the
assumptions, ldentical to those for B = 0°. The base pressure at large
boattail angles must, therefore, tend to revert to the value at § = 0°.

In all calculatlions by the present method, the pressure and Mach num-
ber shead of the base are taken into account. When separation occurs on
the boattall, the Mach number and pressure sahead of the separation point
are used as described in the preceding paregraph.

In figure 6, predictions of the effects of boatteiling by the present
approach are compared with experimental results and the estimates of
Chapmen. No estimate is shown for the method of Cortright and Schroeder
since, when applied to the results of figure 4, it gives an estimate
through B £ 8 that is identical with the present estimate. The basic
(lower) curve of figure 4 has been used in the calculations for the present
estimate. and the calculasted curve of base pressure has, with one exception,
been shifted to pass through the value at B = O, when necessary, to agree
wilth the initial condition of Chapman's estimate. The same procedure has
been used for the curves in figure 7 where comparison 1s made of the pres-
ent estimate and results obtained in reference 25. In the comparisons of
figure 6 at Mgz = 1.50, the lack of experimental results at p = 0 pre-
vents sny religble asssessment of the methods. However, the value for
B =0 1s believed to be somewhat lower than that assumed by Chapman,
gince for lerge boattail angles the value of Pp must be approximately

equal to thet for B = 0°. For this reason and on the basis of results to
be presented in figure 7 at M, = L.4k1l, the present estimate has been

faired as -shown. The comparisons at M, = 2.00 in figure 6 seem to indi-

cate that the present estimate indicates trends that tend to follow the
experimental results.

In figure 7 the present estimate shows fair agreement with the
experimental variation. The fact that the base pressure does decrease
noticegbly with increasing boattail angle at M, = L.41 and slightly at

Mo = 1.62 would appear to justify the value of B = 0 assumed for the
present estimate at M, = 1.50 in figure 6. The results of figure 7

indicate that the present method of estimation will give a fair predic-
tion of effects of boattaliling. Both the method and the experimental
results show that in the lower range of B iIncreasing the boattail angle
will decrease the base pressure below My ~ 1.9 and will inerease the

base pressure beyond My =~ 1.9. The estimate of Chapman has not been

included in figure 7 since it gives almost zero variation from the value:
at B = 0. BSome of the erratic variation in the experimental values
shown in figures 6 and 7 may be due to the fact that the base heights are
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of the same order as the thickness of the boundary layer, an unavoldable
condition for thin airfolls with boattalling.

Factors other than those accounted for in the estimations by the
present method can affect the reversion of the base pressure at large B
toward the value for B = 0°. The circulation within the wake and the
thickening of the turbulent weke boundaries as they spproach Jjuncture
would, for values of B where separation has occurred on the boattall
surface, permit back-pressure effects from the trailing shock to be
importent. Back-pressure effects would (for a given pB) also be related
to the ratio of base height to maximum height. For retios near zero it
is obvious that the base-pressure reversion must be gradusl since the
base is moving slowly away from a position of close proximity to the base
of the trailing shock whose back-pressure effects would tend to meke the
base pressure high. PFor ratios near 1.0 these effects would be negligible
since the base is never in close proximity to the base of the trailing
shock.

Angle-of-attack effects.- Chapmen and others have shown that the

effect of angle of attack for two~dimensional bases with and without
boattailing is small, if not negligible, for M, = 1.5 to 4.0 and for

angles of attack up to 9°. Additional results obtained in the Lengley
9-inch supersonic tumnel are shown in figures 8 to 12 (fig. 11(b) excluded)
and include some minor examples of the effects of Reynolds number which,
although they are not within the proposed scope of this paper, have been
included to show the conditlons for which the boundsry layer was turbu-
lent ghead of the base. The model configuration, whlch spanned the test
section of the tunnel, is shown at the top of figure 8. In all tests the
vertical distribution of pressure across the base of the model at the
midspan stetion was measured and found to be essentially constant at all
angles of attack and at all Reynolds numbers. Examples of this distri-
bution will be presented subseguently.

The data of figure 8 show that with a turbulent boundary layer the
variation in PB' with o 1s small and that once o reaches & value

sufficient to cause & compression at the base corner of the upper surface
fUrther increase in o JIincreases the base pressure. Estimation of the
variation in Pp with « by the present method was made at M, = 2.41

end, as shown in figure 8(4), the estimation 1s in good agreement with
the experimental results. (The estimated curve has been shifted slightly
to allow the value at f =0 10 be in general agreement with the experi-
mental values.)

Figure 9 presents some observations of the phenomena at M, = 1.93.
An example of the vortex street which forms in the weke behind the
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trailing shock (reported in more detail in ref. 10) 1s shown in fig-
ure 9(a). Figure 10 presents additional observations of the base phe-
nomena at M, = 2.41 for various angles of attack and Reynolds numbers.

All the photographs show the presence of the lip shocks that extend
rearward from the corners of the base; these shocks apparently arise from
the tendency of the flow to overexpand initislly as 1t turns the corner,

80 that a shock is required to turn the flow in the direction determined

by the mixing boundaries of the so-celled dead-ailr reglon as shown in

figure 11(a). The inclinations of the mixing boundaries and the 1lip

shocks are, therefore, directly related and, as shown in figure 12, their
inclinations vary with Reynolds number until s fully turbulent boundary
layer exists ahead of the base. (Although two-dimensional bases facili-
tate the observation of these weak 1lip shocks, it 1s of interest to note
that lip shocks have been observed in the flow sbout the base of a body of
revolution. An exsmple of this is shown in figure 11(b) for = 150 cone~
cylinder tested in a ballistic range in the Lengley gas dynemics laborstory.
In axially symmetric flow the lip shocks are seen to be curved.) No attempt
is made to account for the presence of these weak shocks in the estimates of
base pressure in this report. '

On the basils of the configuration employed and the results shown in
figure 8, an esnalogy may be drawn for the base separating two supersonic
streams having different Mach numbers and different statlic pressures just
ehead of the base. (For example, at M, = 2.41 and o = 20°, M, ~ 3.40

on the upper surface and 1.58 on the lower surface.) If the particular
values of the Mach numbers and static pressures on either side of a base
are such that they can be resolved to essentially the seme Mach number and
static pressure by superimposing angle of attack, then the base pressure
may be estimated by the present method.

General remsrks.- In view of the reasonably close analogy that has
been shown to exist between two-dimensional base pressures and the peak
pressure rise through s shock associated with the separation of the
boundary layer from a flat plate, the reverse of the procedure msy be
applied; that is, measurements of base pressures may be accepted as a
mesns of estimating the pesk pressure rise with separation of the boundary
layer. Investigation of this analogy for laminar boundary leyers and
laminar wakes might, with the additional consideration of Reynolds number,
lead to, an establishment of the Reynolds number for wake transition and
thereby supply one of the critical values for the prediction of base pres-
sure with laminar boundary layers. On the basis of existing experimental
results and analyses, 1t appears permissible to assume for engineering
estimates that the base pressure on two-dimensional bodies will be
unaffected by boattall angle or angle of attack.
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BASE PRESSURE ON BODIES OF REVOLUTION-

Bodies Without Fins

Analogy to peak pressure rise associated with separation of boundary
layer.- For bodies of revolution and, therefore, for axislly symmetric flow,
the quantitative anslogy between the pesk pressure rise assoclated with the
separation of the boundary layer and the basé pressure is not readily
established; however, accepting the idea that the peak pressure rise
determines the base pressure permits a qualitative analogy to be drawn.

Figure 13 presents a sketch of the flow phencmena at the base of a
body of revolution for which the variation in Mach number on the body sur-
face is zero. The converging wake (A to B) is essentially conical and must
experience a recompression along AB; whereas, for two-dimensional flow the
convergence of the wake would cause no change ln pressure from that corre-
sponding to the completed expansion at A. TFor the body of revolution,
therefore, there is & decrease in Mach number along AB such that immedi-
ately sahead of B the local Mach number is considerably less than would
be the case for a two-dimensional base with the same value of Mach number
at A. Exactly at B +the turning of the flow may be considered two-
dimensional; consequently, the two-dimensional pressure-rise coefficient
would apply exactly at B and the value.of M; would be that immediately

ahead of B. It becomes obvious, therefore, that in order to realize the
seme value of M; Just shead of the base of the trailing shock for a two-

dimensional base and for the base of a body of revolution, each having

the same degree of wake convergence, the value of the Mach number ahead of
the base My must be conslderably grester for the body of revolution.
From the foregoing reasoning and in view of the variation of & with Mg
shown in figure 4, the base pressures on bodies of revolution would be
expected to be considerably higher than those on two-dimensional bodies

at low and moderate supersonic speeds and equal to or slightly less than
those on two-dimensional bodies at high supersonic speeds.

Although experimental base-pressure results tend to confirm the pre-
ceding qualitative analysis, quantitative confirmation through calculations
based on P, 1s desirable; however, it would be necessary to know the

distence N (see fig. 13). before any reverse calculation could be made of
the Mach number variation from B +to A. This distance would of necessity
have to be measured from experimental results and the location of the

point B might be subject to considerable error. For this reason and
from consideratlon of the inherent errors involved in s reverse calculation
of this type (method of characteristics), no attempt has been made to apply
this approach. Instead, measurements have been made, from published
schlieren photogrephs and shadowgraphs, of the angle 0 (see fig. 13)
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between free-stream direction and the clearly defined outer boundary of
thé convergent wake. The maln part of these measurements wag obtained
from shadowgraphs made by the Ballilstic Research Leboratories (BRL),
Aberdeen Proving Ground, examples of which are shown in reference 2. The
results are shown herein in figure 1k. -

Several values of & and M, from figure 1k were utilized in

attempts to calculate the Mach number variation along the surface of a
cone replacing the convergent wake in order to determine whether a
reagonable approximation of the required value of My could be obtained

at some station ahead of the tip of the cone. The method of character-
istics was used first in these calculations. All the results showed that,
1f reliable pressures were to be obtained over the rear portion of the
cone, increasingly more points must be added to the characteristic net as
the cone tip is spproached. Because of this complication, the calcula-
tions were confined to My = 2.00 and 6 = 10.550; the results are shown

in figure 15. The third refinement to the calculations, which gave
44 points along the cone surface, gave a value of M; of approximately

1.60 at the cone tip as compared with the critical value of about 1.58
determined from P,.. It is difficult to estimate whether further refine-

ments to the characteristic calculations would lower the calculated value
of M; much further, but the fact that the value thus calculated and

the value determined from P, are of the same order would seem to offer,

at least, support for the qualitative snalogy presented previously. The
less exact method of small disturbances was used in several 30-point
calculations and, excluding the rearward 5 to 10 percent of the cone
where the predicted values begin to increase rapidly toward infinite
pressure at the tip, these results also gave values of My of the same

order as those determined from Py. Furthermore, the results of refer-

ence 15 would appear to indicate that the theoretically predicted posi-
tive pressures over the rear of a parsbolic convergent afterbody are
reallzed experimentally.

Recently, measurements have been made in the Langley 9-inch super-
sonic tunnel of the recompression along the surface of a 10° conical
afterbody preceded by a cylindrical section and within the wake behind
the base of & cylindrical semibody of revolution mounted on & boundary-
layer-removal plate. The results for the 10C conical afterbody are pre-
sented in figure 16 and show clearly that the recompression along the
cone surface reached positive values and is of the order of magnitude
predicted theoretically. Figure 17 presents the wake pressures measured
on the surface of the boundary-layer plate for which orifices were
located along an extension of the body center line and along a 10° ray
passing through the shoulder of the base. Although the wake pressures
thus measured are subject to the effects of the presence of the plate
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surface, they are believed to represent a reasonebly accurate picture of
the true varlation of the wake pressures with the possible exception of
regions very close to the base. At M = 1,93 a direct comparison may be
made between the results of figures 16 and 17 since, as shown in figure 1k,
the value of 8 at M = 1.93 is very close to 10°. Such a comparison
shows that the recompression along the wake boundery is very similar to
that on the conical afterbody and that the recompression tends to be
slightly greater for the wake boundary; thus, the calculated recompression
at Mg = 2.00 presented previously would appear to be a conservative

estimate. These results coupled with the preceding analysis tend to sub-
stantiate the idea that the peak pressure rise associated with the sepa-
ration of the boundary layer is the predominant factor in determining the
base pressure in axially symmetric as well as two-dimensional flow.

The results of figure 17 eppear to be of additional significance in
that the results at all Mach numbers show that the often used assumption
of constant pressure within the convergent wake behind e body of revolu-
tion 1s not permissible.

Simplified relation to wske convergence.- The upper curve of fig-

ure 14, through a Mach number of ebout 4, is faired through the measured
experimental values of wake convergence 6 presented as a function of
the Mach number ahead of the base. The double symbol for a given
measurement represents the limits of measurement of © from both sides
of the wake. All experimental points represent the case of zero boat-
talling, and no measurements were made for bodies having fineness ratios
less than 5. 1If the cylindrical afterbody was not sufficiently long to
allow the essumption that the Mach number ahead of the base was close to
free-stream Mach number, the Mach number ahead of the base was determined
by the method of characteristics. Figure 18 presents a compilation of
experimental base-pressure data for bodies of revolution with cylindriecsl
afterbodies (zero boattailing) and, also, includes a curve representing the
compilation of experimental date by Chapman. For several of the experi-
mental values of base pressure in the Mach number range from 1 to 4, the
effective two-dimensionsl expansion angle 8¢ at the base was calculated

and compered with the values of the measured axially symmetric expension
angle 6. In all instances 3, was approximately 85 percent of 6.
Because of the recompression that exists from A to B (see fig. 13)

and the influence of this recompression on the base pressure, 6 would
be expected to be somewhat larger them B8g. From My = 1 to 4 the curve

of Bg in figure 1k was determined as 85 percent of the curve of @.
Beyond Mg = 4, the values of &g were computed from the experimental

values of base pressure from figure 18 and the curve of 0 in figure 1k
was faired as shown by assuming the 85-percent factor to hold throughout
the Mach number range. It is interesting to note that, within experi-

mental accuracy, the maximum value of 6 1is about equal to the maximum
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value of & glven by the basic curve of flgure 4. The fact that this
equality exists lends further weight to the analogy that has been pre-
sented, since it must exist if the basis for the analogy is correct.

The curve of base pressure coefflcient Pp plotted against Mg

represented by the varistion of &g = 0.856 against My, is entered in
figure 18. For comparison with the experimental results, curves of the
absolute limliting base pressure (vacuum) and the prediction of Gabeaud
(ref. 3) have been included. Beyond My = 3 the prediction of Gabesud
is seen to giie a good estimate of the experimental results. However,

as stated previously, little 1s known of the method except the meager
information of reference 3. All available Information indicates that
Gabeaud confines comparisons with his method to bodies of revolution
with fins. Agreement of the method with results from bodies with fins,
particularly at Mach numbers below about 3, must, as in reference 32,

be considered fortuitous since the relation given in reference 3 includes
no terms to cover fin effects. As will be shown later, these effects
regsult from combinations of several variables and are significant. The
only conclusion that will be drawn here is that the method of Gabeaud is
satisfactory for bodies of revolution (no fins) with turbulent boundary
layers and zero boattelling for M, = 3 or greater. Whether this method

is intended to be applicable to these conditions is not known.

Effect of fineness ratio of cylindrical afterbody.- In the preceding
discussion, the relation between Pp and &, was established for the Mach

number ahead of the base on bodies having fineness retios of 5 or greater.
The fineness ratio of the cylindrical afterbody for these bodies was
always 3 or greater. For shorter cylindrical afterbodies the varliation
of the pressure along the surface of the body from the point of Juncture
of the nose shape and the cylindrical section to the base can be appre-
clable and is a function of nose shape and Mach number. As the afterbody
length is varied, the Mach number and pressure lmmediately ahead of the
base vary and the base pressure would be expected to vary accordingly.
Additional effects upon the base pressure may result from the pressure
field (created by the nose shape) acting upon the wake boundaries but no
attempt was made to account for these effects. In this approximation,
therefore, the prediction of Py as fineness ratio IL/h (or L/D) is
veried becomes simply & calculation of the pressure and Mach number
immediately ahead of the base and the application of the value of &g

from the curve in figure 14. In this and other discussions to follow,
the pressure and Mach number ahead of the base have been calculated by
the method of characteristics, unless otherwise stated.

Figure 19 presents results of base-pressure measurements made in the
Langley 9-inch supersonic tunnel on cone-cylinder bodies with varying
afterbody length. The semlapex angle of the cone was 15° and a transition
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strip was located 1/2 inch ahead of the shoulder. As shown, the effect of
varyling Reynolds number was small. At all Mach numbers the method employed
gilves a reasonable prediction of the effect of afterbody length on the hase
pressure. The slightly higher experimental base pressures, as compared
with the estimates, may be attributed to the neglect of the effects of the
body-induced pressure field upon the wake boundaries end to the use of
artificlal transition which has been shown in several investigatlons to
cause the base pressure to be 5 to 10 percent higher than that for natural
transition. (See ref. 23, for example.) While the correlation factor

(L/h)R_l/5 proposed in reference 2 seems justified for a configuration
where variations in IL/h have small effect upon the pressure and Mach
number ahead of the base and, In such applications, is supported by the
work of Crocco and Iees (ref. 1), the results shown in figure 19 indicate
that gpplicetion of this factor to bodlies having appreciesble variation in
M, and p, with L/h would be questionable. It is obvious that L/h is

by far the predominant factor in determining base pressure for such bodies.
The results for cone-cylinder bodies correlated in reference 2 in terms of

(L/h)R-l/5 show a correlatlon curve that, because of the small range of

R, resembles the curve which would result from an L/h variation only. If
a8 particular velue of L/h were assumed to have a large range of R 1in
comparison with other values of L/h, it becomes epparent that & calcula-
tion of base pressure from the correlation curve for this particular L/h
would be subJject to significant error. The results of reference 23 over a
narrow range of R show that other inadequacles exist in this form of
correlation for bodies having varying M, and p, with L/h.

Figure 20 presents reproductions of shadowgraphs obtained in an
investigation at the Ballistic Research Leboratories, Aberdeen Proving
Ground, reported in reference 18. The models were cone-cylinders having
varying afterbody lengths as shown and semiapex angles of approximately
10°. TFree-stream Mach number was 1.84. The Mach number ahead of the
base My 1s indicated for each model. (The value of M, for the cone
corresponds to a vanishingly short afterbody.) Entered on the shadow-
graphs are the tangents to the wake boundaries that were used to measure
6 and the corresponding values of 6. The general agreement between
these values of 6 and the values given by the curve of figure 14 at
the corresponding Mach numbers shead of the base tends to give further
indication that the effect of varying afterbody length upon base pressure
is essentially the result of the variation in Mach number and pressure
ahead of the base.

In figure 21 the compilation of experimental data by Chapmen (ref. 2)

for a cone-cylinder of % = 5 and the calculations by Chapman based upon

weke measurements are compared with the present method for predicting the
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effect of afterbody length. Also included for comparison is the curve
representing the condition for M, ~ M, as given in figure 18. The

present method gives a good prediction throughout the range of experi-
mental date with the exception of the lowest Mach numbers. In this
vieinity, however, the nose shock is spproaching detachment and the
resulting variations in entropy and, possibly more important, the varia-
tions in base pressure due to transonlc effects would be expected to
cause significant deviations of experiment from either of the methods.
The estimated varlations of figure 21 also indicate that the effect of
shortening the afterbody decresses with increasing Mach number.

Effects of boattailing.- In the section on two-dimensional base

pressures, the effect of boattailing when B € & was shown to be reason-
ably estimated by subtracting B from 8. For axially symmetric flow,
however, the application of the same method (i.e., Be - B) would be

expected to be inadequate except for large ratios of base diameter to
meximum dlemeter h/b. (As %-91 closely the ugse of (3¢ - B) as an

epproach would, as pointed out by Cortright and Schroeder, be inadequate
since in the limit there would be no influence of the boattail upon the
base pressure.) As h/D decreases from near 1 to O, with B held con-
stant, Pp varies according to the variation of M. with h/D, which

for most boattell configurations is appreclable; the same type of pres-
sure varigtion that exists along the surface of the boattall has been
shown in figure 17 to exist along the boundary of the convergent wake
behind the base - for example, from A to B in figure 13. Consequently,
the assumption is made that B is modified by some factor K end that the
quantity KB 1s to be subtracted from 8. The factor K, therefore, rep-
resents essentially a conversion of B from a three-dimensional to a two-
dinensional boattall in order that it may be used with Bes & two-

dimensional quantity. An additional assumption is made that the variation
of K with h/D is linear. The limits for K are established as follows:

when % =1, K =1 since the expansion exactly at the beginning of the
boattall is two-dimensionsl; when % =0, K =0.85 since the empirical

conversion factor of 6 to &, 1s 0.85 (the latter limlt may be more

readily visualized by éonsidering B >8). There are obviously other
effects of varying h/D that influence Pp, such as those discussed in

the sectlon on two-dimensional bases, which mske the gbove limits of K
a rough approximation only, particularly the limit at % = 0. For the

particular case of %-—}O and B < 8, the base would lie near the base of

the trailing shock. In addition, the diametrical and axial pressure varia-
tion in the so-called dead-alr region behind the base 1s greater for a
three-dimensional than for a two-dimensional bagse. An indication of this
conclusion mey be seen in figure 22 where the pressure distributions across
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a two-dimensional base and a cylindrical base of a parabolic body of
revolution with fins (body of ref. 15 for which fin effects were negli-
gible) are compared. These results are from tests in the Langley
9-inch supersonic tunnel. The distribution across the two-dimensionsl
base is seen to be almost constant, whereas the cylindrical base
experiences appreciable variations near the edges. The variation across
the cylindrical base would seem to confirm the results of force tests
which have shown that pressures measured-nearer the center of bases on
bodies of revolution are more relisble for base drag estimations.
Although no axial pressure results are avallable for & two-dimensional
base, the large axlal pressure variations of the type shown to exist
behind & three-dimensional base (fig. 17) obviously do not exist in a
two-dimensional wake; otherwlse, there would be negligible difference in
the base pressure for axiaslly symmetrlic and two-dimensional flow.

In figures 23, 24, and 25 the results of several experimental measure-
ments of the effects of conical boattailing are presented, and in figure 26
some accumulated results of measurements on the NACA RM-10 missile are pre-
sented and compared with the results obtained by the present method. For
computing Pg when B > 6, the procedure employed in the two-dimensional

analysis was used with KB and 8&g. In figure 23, comparison of the

various methods and the experimental results for negative boattailing

(simple cones) shows that all methods are fair predictions of variation
and megnitude. For negative boattailling, the present method reverts to
finding Pg for a cone-cylinder body where the cylinder length becomes

zero. For positive boatteiling, all methods are falr predictions of trend
end magnitude through B =~ 109, although the present method indicates a
varistion that is slightly more in agreement with experiment. For B > 10°©
the present method tends to indicate the leveling off and the decrease in
Pg that must occur; the experimental values have also begun to level off.

In figure 24, the present method is compared with the experimental
results of and the method of Cortright and Schroeder. The present method
was based upon three methods employed by Cortright and Schroeder for cal-
culating the Mach number ahead of the base. The comparison shows that the
prediction 1s very much dependent upon the method used for calculating My-

Both the method of Cortright end Schroeder and the present method give
fair predictions of the effect of B and the effect of h/D. The effect
of increasing h/D is seen to increesge with increasing B. The present
method appears to give a slightly better prediction of the variation of
Pg with g for % = 0.704, but this may be fortultous, in part, since
for the experimental results at B = 5.63° the boundary layer was
inadvertently thickened.
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Figure 25(a) presents examples of the calculated surface pressure
for various boattail angles at Me = 3.24, and in figure 25(b) the experi-

mental results of reference 5 are compared with the present method. Again
the dependence of the present method upon the theory employed to calculate
Mo 1s evident. The prediction based upon the method of characteristics

is in close agreement with the experimental results.

In figure 26 falr agreement is shown in magnitude and variation
between the results of the present method, for which the value of M, was

calculated by the theories of Lighthill (ref. 33) and of Jones and Margolis
(ref. 34), and the compilation of experimental date for the NACA RM-10
missile (parsbolic body) from references 1k, 27, 35, and 36. On the basis
of thls comparison, the present method would seem satisfactory for esti-
mating base pressure on bodles whose boattalls are not necessarily conlcal.

Angle-~of -attack effects.- In general, the initial effect of angle of

attack for bodies of revolution is to cause a decrease in base pressure
until separation on the lee side of the afterbody becomes apprecilable
(usually near a = 15°). Further increase in o eppears to cause & slight
increase in base pressure until the angle of stall is reached (of the order
of a = 35°). Indications are that at stall the base Pressure experilences
a decrease and, wilth increase in o beyond that for stall, remains fairly
constant until a—>90%; near o = 90° the base pressure must obviously
increase. Both body shape and Mach number appear to have significant
effects upon the veristion of Pg with o. All the date examined for

a > 6° were subject to sting-interference effects; however, a preliminary
investigation conducted in the Langley 9-inch supersonic tunnel indicated

thaet sting supports designed according to exlsting standards so as to have
small effect at o« = 0° (see refs. 2, 15, 16, and 23) may be expected to

have equally small effect at angles of attack up to about 60°.

In order to assess the possibilities of the use of the present method
to estimate angle-of-attack effects, the NACA RM-10 body (no fins) was
selected since considerable experimental results exist for this configura.-
tion. (See refs. 35 and 36, for exemple.) As a point of possible interest,
all the availeble experimental results for the RM-10 body tend to indicate
‘that the rate of decrease in Pp with o becomes less with increasing Me»

even for the lower values of M,. The experimental results for the RM-10
body at M, = 1.49 are shown in figure 27(a) and are compared with the

various estimates. As a crude first-order estimate, the integrated average
value of M, was calculated by using the method of Jones and Margolis

(ref. 34) to determine the value of P Just shead of the base at q = O°
and the method of Allen (ref. 37) to determine the radial pressure distri-
bution at the base. At each value of q, the integrated averasge value of
Mo thus determined was used to calculate Pg. As shown in figure 27(a),
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the results indicate a decrease in Pp with a, but the rate of decrease

is considerably less than experiment. This crude estimate does not take
into account the pogsibility that a portion of the lee surface ahead of
the base may have exceeded 8., & condition that has obviously occurred at

the higher angles of attack. A second and more refined estimate was made
with this condition accounted for by the same method employed to estimate
boattall effects; that is, at each radial angle ¢ +the value of Pg was

determined by accounting for the boattail angle and the effective angle of
attack. At each « 1t waes assumed that the pressure on the body surface
ahead of the base was constant beyond the value of ¢ for which be Wwas

exceeded. (See fig. 27(b).) The integrated average value of Py was
calculated in this memner for each «. The variation of Pp with o

from thls second estimate is in fair agreement wlth the experimental
results. Also shown for comparison is the variation of Pp with «

estimated by assuming that Py changes according to the change In. P at

¢ = 90o as given by the method of Allen. The genersl agreement between
this form of estimation and experiment was first noted in reference 35

and was concluded to be somewhat fortuitous; the same conclusion is reached
here for angles of attack beyond that for separation on the lee side of the
body, but for angles of attack less then that for separation this estimate
should give a felr spproximation since the variation'in Pg on the lee

side of the body tends to be offset by the variation on the windward slde.

In Allen's method (ref. 37) the terms which represent o effects
are independent of Mach number, but it is clear that this method cannot be
used for estlmating Pp at Mach numbers much greater than 2 because it

gives a varlation which would yleld values of Pp less than the absolute
limit (vacuum). At very high Mach numbers (M, ~ 7) Ferrl's cone theory

extended to the body surface would seem to be gpplicable. A method appli-
cable to the intermediate range has not been found.

Bodies With Fins

Problem in general.- The addition of fins to & body of revolution msay

or maey not have an spprecieble effect on the base pressure. The primary
varigbles that may influence the base pressure through the presence of the
fins are: ‘free-stream Mach number, number of fins, fin.section, fin loca-
tion, fin thickness ratio, body diameter, fin sweepback, and fin span.
Body shape and boattalling will, of course, interact with the above vari-
ables to affect the base pressure. There have been numerous base-pressure
investigations of bodies with fins but relatively few to investigate the
fin egfects. Examples of the latter masy be seen in references 12, 15, 17,
and 26.
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Confilguration for principal anslysis.- The configurstion which seems

to predominate in most experimental investigations is that of refer-

ences 12, 17, and 26. Additional unpublished data for a similar configu-
ration have recently been obtained in the ILangley 9-inch supersonic tumnel
end are presented herein. The basic configuration comsists of a cylindrical
body equipped with an ogival nose and four equally spdced 1lO-percent-thick
fins having symmetrical circular-arc sections and rectangular plan forms.
The ratlioc of fin span to body diameter is 3.5, the ratlio of fin thickness to
body diameter is 0.15, and the trelling edges of the fins are coincident
with the base. The originsl full-scale models were tested in free flight
end were reported on in references 12 and 17. In reference 26, a fore-
shortened model was tested in a wind tumnel to determine the effects of fin
location, fin thickness, and number of fins. For the tests in the Langley
9-inch supersonlc wind tunnel the nose of the body was conical but was far
enough ahead of the fins to have negliglble effect on the base pressure
from nose shape. In addition, the body extended one fin chord behind the
fin trailing edge. Measurements were made of the pressure field on the
body surface created by the presence of the fins. Less extensive direct
measgurements were made of the effects of fin location on base pressure.

Effects of fin location and Mach number.- Figure 28 presents the
results of the pressure measurements on the body surface at free-stream
Mach numbers of 1.93 and 2.41 for Reynolds numbers of approximately
3 X 106 and 12 X 106. For the lower Reynolds number laminar flow existed
ahead of the fin-body Jjuncture which caused turbulent flow in the manner
described in reference 15. At the higher Reynolds number natursl transi-
tlon occurred considerably ahead of the fin-body Jjuncture. The results at
Mo, = 1.93 show that Reynolds number had little effect on the body pres-
sures, whereas at M, = 2.41 the higher Reynolds number gave consistently

higher body pressures.

In order to determine whether an average Mach number shead of the
base could be used to predict the base pressure, the surface pressure
coefficients of figure 28 for the higher Reynolds number were employed to
obtain the integrated average Mach nurber ghead of the base shown in fig-
ure 29. The values of x/c define the location with respect to the base
of the tralling edge of the fin in terms of fin chord and agree with the
convention used in reference 26. The values of Pgp shown in figure 30

were computed by utilizing the present method for predicting base pres-
sures. In reference 26 experimental values of Pp were obtained at Mach

numbers of 1.5 and 2.0 with varying x/c. These values may be subJject

to some effects from nose shape, particularly for the large positive
velues of x/c, since the relstion of the body-alone pressure distribution
(for M, = 2.00) to the geometry of the configuration is as shown in fig-

ure 3L. However, a preliminary investigation of the effect of body length
in reference 26 seems to indicate that these effects would be small. Also,
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as shown in figure 31, at negative x/c the base of the fins protruded
into the dead-alr region behind the base and may hesve some effect on the
experimental values of Pp. From the comparisons to follow, however, these

effects would also seem to be small.

Flgure 32 presents several comparisons of predicted and experimental
velues of Pp for the body with fins as x/c is varied. The experimentsal

results obtained in reference 26 at M, = 1.50 and 2.00 are shown as the

short-dash—long-dash curves extending over a range of x/c =Tl. A com-
parison of the curve at M, = 2.00 with the calculated curve of figure 30

for M, = 1L.93 indiceated an almost exact prediction of the variation in

base pressure 1f the calculated curve were shifted downstream by an inter-
val of x/c =~ 0.5. The calculated curve shifted by this amount is shown
in figure 32. Although the agreement in variation with x/c is good, the
predicted values of base pressure for M, = 1.9% would appear to be

slightly high when compared with the experimental values for M, = 2.00.
At M, = 2.41 the experimental measurements of Pgp were confined to

positive x/c. Though the Jjustification is not as strong as for the pre-
vious comparison, & shift of the predicted curve downstream by an interval
of x/c ~ 0.6 glves a general agreement with the experimental variation
in the overlapping range of positive x/c. As before, the predicted
velues of base pressure sre somewhat high.

In spite of the shortcomings of the sbove comparisons, several indi-
cations of varlous fin efflects are shown. The most important finding here
seems to be that, whereas for bodies without fins including those of small
fineness ratio the base pressure may be reasonably predicted when the Mach
number and pressure shead of the base are known, for the body with fins of
this investigation the integrated average Mach number shead of the base
predicts the proper varlatlion of base pressure with fin location only when
the predicted variation is sghifted rearward. Consequently, the conclusion
may be drawn that the effects of the pressure flelds created by the fins
have appreciable effect on the wake boundaries behind the base and must be
teken into account. In addition, the magnitude of the prediction of Pp

from the integrated average value of Mg 1s of the right order when the
distance through which the predicted curve must be shifted is known. The
effect of increasing Mach number is to lessen the fin effects at a given
value of x/c and to extend farther downstream the region of influence
from the fins; both of these effects would be expected since increasing

the Mach number reduces thickness effects and causes the regions of distur-
bance from a point to be swept farther back. From the results of figure 32,
the effect of increasing body diameter while all other parameters are held
constant may be reasoned to result generelly in a reduction of the fin
effects upon the base pressure.
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BEffects of thickness ratio and sweepback of fins.- Flgure 33 presents

the varistion in base pressure resulting from a variation in thickness
ratio of the fins for this configuration. All data are for & f£in position
of x/c = 0. The effect of increasing t/c in decreasing the base pres-
sure 1ls seen to be significant. Also indicated is the reduction of this
effect from increasing Mach number. In view of these effects, glving
sweepback to the fins would, 1n most Instances, decrease the fin effects
upon base pressure since, effectively, the thickness ratioc of the fin
parallel to the body surface 1ls reduced. The results of reference 15 when
compared with the results of the present investigation for similar fin
locations, and with proper conslideration of thickness as shown in figure 33,
demonstrate clearly the reduced fin effects resulting from sweepling the fins
back 45°. Figure 34 gives an example of the relatively small effects of the
gigs of the NACA REM-10 missile, which are 10 percent thick and swept back
0-.

Some estimatlons of fin effects.- In an effort to determine whether

the pressure field due to the fins for the confilguration under discussion
could be approximated reasonably by simple Prandtl-Meyer theory and,
thereby, to meke some crude approximations of the fin effects on base pres-
sure for x/c = O over the Mach number range of the results of refer-
ences 12 and 17, the integrated average Mach number ahead of the base was
determined by graphically constructing the expansion field about a fin at
M, = 2.00 for a range of x/c = tl. The resulting estimation of Pg

(shifted downstream by x/c = 0.5 as before) is entered on figure 32 and
compared with the experimental results. From x/c = 0 to x/e = -1.0 the
estimation is falr. The high pressure peak beyond x/c = -1.0 appears
invalid, although it 1s a crude prediction of trend; the velues for x/c >0
are unsatisfactory. On the basis of the fair prediction from x/c = 0 to
x/c = -1.0, this method has been used in the predictions to be discussed in
the following paragraph.

Figure 35 presents a comparlson of the free-flight results for the
configuration under discussion (from ref. 12) and two predictions utilizing
the present method based upon the integrated average Mach number st certain
x/c’ stations. Also included for comparison are the wind-tunnel results,
with and without fins, from the tests in the Langley 9-inch supersonic tun-
nel and those reported in reference 26; the curve from figure 18 for the
body alone is also included in figure 35. Referring again to figure 32, the
emount of displacement in the predicted curves necessary to bring them in
line with the experimental variastions is seen to be almost equivalent to
the negative value of x/c at which the minimum base pressure occurs.

One of the predicted curves of figure 35 (estimate A) is based upon this
displacement. The location of the minimum base pressure at negative x/c
plotted against Mach number gives essentially a linear varietion with My,

ard this assumed linear variation hass been used to select the value of x/c
for which the integrated average M, was calculated for estimating Pg.
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For example, at M = 2.00 the velue of x/c 1o be used is about 0.51, and
at M= 1.50 it is approximastely 0.4. (The stations for calculation must
be positive since the curve is always shifted to the right.) Essentially,
therefore, the value of Mgy thus obtained corresponds to & station behind
the base and along a fictitious extension of the body surface and, in this
regard, supports the method of Chapman (ref. 2).

The other predicted curve in figure 35 (estimate B) was obtained by
8 somevhat different method in that the station behind the base, but along
a flctltious extension of the body, was chosen differently. In reference 2,
measurements were made of the wake thickness behind cone-cylinder bodies
of fineness ratio 5. The faired curve from these measurements is shown in
figure 36(a) in terms of base diameter. The wake thickness Tty was

measured just behind the trailing shock since in this region tyo is
almogt constant and is well defined. These values of twa haeve been used

with the vaelues of 6 from figure 14 to calculate an spproximation of the
location of the base of the traliling shock in terms of body dlameters from
the base. The results are shown in figure 36(b). (It is interesting to
note that, although +t,, and 6 may vary appreclably with M., the

approximate location of the base of the trailing shock experiences little
chenge.) The assumption was msde that disturbances from the fins would
have no effect on Py beyond & value of x/c corresponding to the loca-

tion of the base of the trailing shock thus determined. The station behind
the base along the fictitious body extension selected for calculating M,

was halfway between the base of the body and the base of the trailing
shock or, if the last expansion from the fin did not reach x/c = N/h
(low M_), the station was halfway between the base and the intersection
of the last expension from the fin with the extended body (meridian 45°
from meridian of fin).

As shown in figure 35 the former estimate (lsbeled estimate A) is
more in agreement with experiment at the higher Mach numbers, whereas the
latter estimate (estimate B) tends to be more satisfactory at the lower
Mach numbers. Even though these epproximetions are based on simple
gpproaches, both give a feir estimation of the fin effects. No calcula-
tions were made below M, = 1.5 slnce the leading-edge shock on the fins

is near detachment. Shock detachment and the interaction of the shocks
from opposite fins may explain the reason the experimental resulte level
off at the lower Mach numbers. All the wind-tunnel base pressures for
the body with fins are lower than the free-flight results. The body-
alone results are in fair agreement with the curve from figure 18 with
the possible exception of the point at M, = 1.5. Also indicated 1s the

decreagse in fin effects as Mach number increases.
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General remarks.- It is posslble to visualize that for certain con-
ditions the fins would have small or negligible effect on base pressure
until moderate or high Mach numbers are reached. For example, a fin
could be of such a design and so located with respect to the base that at
low Mach numbers only small effects would be experienced by Pg Dbecause

of the locelization of the region of primary influence. At higher Mach
numbers the downstream extension of the region of primary influence could
cause & decrease in base pressure. Such a variation has been measured in
the viecinity of M, = 2.6 on free-flight models with fins and reported in

reference 20.

There is a need for additionsl experimental information on the effects
of the variables associated with fins upon the base pressure. Even though
the simplified spproach presented herein gives falr approximations of the
pressures created by the fins, a more rigorous method would aid in attempts
to analyze the fin effects.

CONCLUDING REMARKS

A summary anelysis has been made of avallable experimentel data to
show the effects of most of the variables that are more predominant in
influencing base pressure at supersonic speeds on two-dlmensional bases
and on the .bases of bodies of revolution with and without fins having
turbulent boundary leyers. In thils analysis an attempt has also been
made to show the present status of availlable experimental information on
base pressure and the methods for its prediction.

A simple semiempirical method 1s presented for estimating base pres-
sure which, for two-dimensionel bases, stems from an snalogy established
between the base-pressure phenomens and the peak pressure rise associated
with the separation of the boundary layer. An analysis is made for axially
symmetric flow which indicates that the base pressure for bodies of revo-
lution is subject to the same analogy. Based upon the methods presented,
estimations are made of such effects as Mach number, angle of attack,
boattailing, fineness ratio, and fins. These estimations are falr predic-
tions of experimentsl results.

There appear to be few systematlic Investigations of the effects of
fins upon base pressure. The complexity of this problem and the many
veriables involved would seem to warrant equal, if not more, attention in
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experimental and theoretical investigetions than that being devoted to
bodles without fins.

Langley Aeronautical Laboratory,
Natlonal Advisory Committee for Aeronsutics,
Langley Field, Va., March 5, 1953.
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Figure 36.- Approximations of wake thickness snd location of base of
trailing shock with varying Mach mumber.
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